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I. A3STRACT

When gas that 1s not saturated with water is passed over a wetted
surface, the surface temperature will drop because of evanoration of
water. This drop in temperature (often called the wet-bulb depression)
together with the temperature of the gas stream glves a neasure of the
humidity of the gas. For many years, psyvchrometers based on this phenom-
non have been used very successfully for measuring the humidity of air
under the usual conditions of temperature and pressure encountered by most
people on earth.

In recent years, with man's increasing interest in exploring, the
ocean at greater and greater depths, it was found necessary to replace the
nitrogen of the normal atmosphere with hellum to provide a breathing gas
for those living at amblent ocean pressure. This led to a need for a
knowledge of the psychrometric properties of helium at pressures up to
several hundred pounds per square inch.

This investigation has resulted in: (1) the development of an
improved psychrometer, (2) the develcpment of a psychrometric equation for
the helium-water ‘rapor system, and (3) the develonment of a comnuter
program which makes it possible to print out psychrometric charts for any

ocean depth.
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TT. THTRODUCTION

It must have heen manv thousands of vears since man first observed
that a wetted surface hecame cool when air blew over it. However, it was
not until the middle of the eiphteenth centurv that there is anv record
of tnils ohenorenon beins used to auantitatively measure the humidity of
air.

During thz past two hundred vears, psvchrometers consistine of two
thermometers, one drv and the other witﬁ a bulb covered bv a wetted wick,
have been used extensively co measure the humidity of' air (1-17). Tn
fact, the wet- and drv-bulb psychrometer is still the most widely used

instrument for humidity measurement.

As a result of numerous measurements by manv Individuals, we have
reliable tables and charts that give the relationshir between wet- and
dry-bulb temperatures and relative humiditv (2. 11, 17). Yowever. these
" ahles and charts, in most cases, are for a pressure of cne atmosnhere,
since most people llve at zoproximatelv that mressure. Mevertheles:. even
on earth the pressure of the atmosvhere varlzss anprecliativelv. narticu-
larly with altitude: and it was realized as earlv as 1%95. as a result of
the work of W. Ferrel (5, €), that the relacionshin between humidity and
wet~- and dry-bulb temoeratures was a function of nressure. Mr, Terrel
made measurements at sea level and at the top of Pike's Peak in Colorado,
where the pressure is onlv N.f that at sea level, and derived a remark-
ably accurate equation givine the relationship between pressure, wet--
and drv-bulb temreratures and nartisl oressuve of water vanor in the air.

Brooks and Allen (3) later made measurements “rom N.3 to 1.9 atmosrhere

PR

ny
B Rt RS




pressure, and recently 3rown (4) extended the ranme fram 1.14 to 5.20
atmospheres.

Reliable psychrametric data or esuations for gases other than air
have not been available. Since man is normally an air-breathing animal
and psychrometry has been principally concerned with man's comfort. there
has been 1little need for psychrometric proverties of gases other than air.

This is no longer the case, for today scme men do breath gas mix-
tures that are radically different from the usual nitrogen—-oxveen mixture.

For hundreds of years alr-breathing men have explored and worked
in the ocean in various tvpes of diving gear. but they have been limited
to rather shallow depths because of the narcotic effect of nitrogen, which
can cause serious trouble at depths greater than 50 feet. For greater
depths (down to 1,000 feet or more) the nitromen must be revlaced bv some
other gas. and the gas that has proved most practicable i1s helium.

In recent vears, there have been a number of undersea habitats
in which men have lived and worked in the ocean at deoths up to several
hundred feet. The pioneering efforts of Jacques Cousteau with his Con-
shelfs and the U. S. Navy with Sesglabs I and IT are well known, but manv
private organizations have also entered this fleld. The control of humid-
ity in all of these ventures has proved a serious problem, and nart of the
difficulty has been due to a lack of knowledge o’ the psychrametric prop-
erties of the heliun-water vapor system. Attempts to extrapolate from
air-water vapor at one atmosphere to helium-water vapor at several atmos-
pheres have caused lots of trouble.

A knowledge of the psychrametric properties of the hellium-water
vapor system at the conditions encontered in undersea habltats was badlv

needed. This investigation was designed to fill that need.
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III. THEORY OF THE WET- AND DRY-BULB PSYCHROMETER

Many people have contributed to the theory of the wet- and dry-
bulb psychrometer (1, 9, 10, 16), and although there is a difference of
opinion as to some of the details of mass and heat transfer, the follow-
ing seems to represent the facts:

When liquid water 1s brought into contact with a gas that
is not saturated with water vapor, the water will evaporate.
This requires latent heat of vaporization, and the temperature
of the wetted bulb drops as heat i1s removed. However, as the
temperature of the wetted bulb drops, two things happen: (1)
the rate of evaporation decresses as the wetted bulb gets
colder, and (2) as soon as the temperature of the wetted bulb
gets lower than that of the gas, heat begins to flow fram the
gas to the bulb, and the rate of heat flow keeps increasing, as
the temperature of the wetted surface keeps drovping. Eventu-
ally the rate at which heat flcws from the gas to the bulb
hecomes equal to the rate at which heat is lost through latent
heat of vaporization, and the temperature of the wetted bulb
drogps no further.

If the = tity of zas 1s so large compared to the quantity of
water that the temperature and humidity of the gas do not change appre-
clably and if the velocity of the ras over the wetted surface is above
a certain minimum value, the lowest temperature reached by the wetted

bulb 1is called the "wet-bulb temperature’. The conditions are illustra-

ted in Figure 1.
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Dry-Bulb Wet-~Bulb
Thermometer —————— o= - ————————— Thermometer
t,H, X,
by fg» %0 Py g8 e e o
> " =
- O -
= ol S “ >
t:g tw’ Hw’ xw, Py

F.g. 1. Sketch to Illustrate Wet-Bulb Tenperature.
A gas with temperature tg, humidity Hg, mole fraction of water
vapor X_ and partial pressure of water vapor pg is passed over two ther-

g
mcmeters, one of which is covered with a wetted wick of area A. The
quantity of gas 1s so great that 1ts temperature and humidity do not
change appreciably as it passes over the wetted wick. The wick reacres
a temperature of tw, and saturated gas in contact with the wick has a
hunidity Hw, a mocle fraction of water vapor Xw’ and a partial pressure

cf water vapor Py
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At the wet-bulb temperature, the rate at which heat is trans-
ferred from the gas to the wetted bulb is
a/8 = hA(t -t ) (1)

and the rate at which water is transferred from the bulb to the gas is
N /8 = kA(Xw—Xg) (2)

In these equations

Q/8 = heat transferred, B.t.u./hr.

h = heat-transfer coefficient, B.t.u./(hr. x sq.ft. x p).
A = area, sa.ft.

t o - dry-bulb temperature (temperature of the gas), ®p,

t w wet-bulb temperature, ,OF'.

rate of water evaporation, ib.-mole/hr.

S

~
I

mass transfer coefficient, lb.-mole/(hr. x sq.ft. x unit
mole fraction difference).

Xw = mole fraction of water vapor in saturated gas at the wet-
’ bulb temperature ‘
X = mole fraction of water vapor in the gas stream.

The 1b.-mcles of water evaporated per hour multiplied by the molal
latent heat of vaporization is equal to the B.t.u./hr. of heat transferred.
Therefore

- - =( ' AN Q — B
0/ hA(tp; t,) =(L/8)(AR.NIA 5 = k(12016 (X xq) (3)
where

A, = latent heat of vaporization of water at the wet-bulb temperature,
B.t.u./1lb.

18.016 = melecular weirht of water.

From Fnuation 3

h
X - S A & S
X (t,-t,) (4)
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However

X = [
- Pg/P (6)
where

p,, = partial pressure of water vapor in gas saturated at the wet-

Y bulb temperature. (This is eqgual to the vapor pressure of
water at the wet-bulb temperature.)

pg = partial pressure of water vapor i the gas stream.
P = total pressure.

Substituting in Equati~ (4) rlves

By = Pp = ———— Pt t) (1)
18.016kxw
or
(t -t)
P, - D, = kb —F . (®)
w g A,
where
K= —D (9)
18.016k
The latent heat cf vaporization of water can be expressed by the
equation
A, = 1003.8 - 0.576tw (13)

Upon substituticn of this expression, Equation ¥ becames

- % W
-p = KP — (11)
¥ '8 1693.8 - 0.576t

Cn the basis- of scattered data over a narrow pressure range (from
0.3 to 1.0 atm.) in the iiteraturs, Zimmermar ar.d Lavine (17) calculated
the vaiue of K for the 2ir-water vapor system to ve 0.3895. Later
Brow: (4) found K to be constant over the range of pressures he investi-

gated (0.14 to 5.20 atm.) and to have a value of 0.397 #+ 0.29; and in
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the present investigation a value of 0.392 was determined.

According to Equation 9 , the psychrometric constant K is a
function of the heat and mass transfer c.officients Vand the molecular
weight of the liquid. (The previous discussion referred to "water" and
"water vapor' since water is the usual liquid we are interested in, but
the analysis applies equally well to any gas-liquid system.)

If we could calculate heat and mass transfer coefficients with
sufficient accuracy there would be no need to determine psychrometric
data experimentally, except to check the validity of the equation. How-
ever, we don't know enough yet about the actual mechanlism of heat and
mass transfer in the systems to pemit us to make calculations of suffi-
cient accuracy.

Calculations for the air-water system indicated that the constant
was between 0.34 and 0.40. This was reasonably good since the experi-
mentally determined constant 1is approximately 0.39. For the helium-
water system, however, calculztions indicated that the constant was betweer
0.28 and 2.1 — a range much too great to be of any help,

Because we can't calculate the constant, we must determine it
experimentally. In fact, the psychrameter is an excellent device for
determining mass transfer coefiicients frem heat-transfer datea.

If the constant X is known for a particular system, the partial
pressure cf vapor in the gas stream can be calcuiated, and this in tum
can be used to calculate the absolute humidity (pounds or moles of vapor
per pound or mole of vapor-free gas) or the relative humidity (ratio of
partial pressure of vapor 'n the gas to partial pressure at saturation).

Using ideal mas laws, which are sufficlently accurace for mos¢

pUrposes:
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H = Pg | mole wt. of liquid 12)
g P-p mole wt. of gas {
L 8L A
o 1T -
H, = W mole wt. of liguid (13)
P—pw mole wt. of gas
S -
p
RH = pg x 100 £1lt)

where

Hg = humidity of the gas stream, 1lb. vapor/lb. vapor-free gas.

H.« = humidity of gas saturated at the wet-bulb temperature, 1b.
vapor/1b. vapor-free gas.

RH = percent relative humidity.

Pg = partia. pressure of vapor in saturated vapor-gas mixture at the

dry-bulb temperature.(This is equal to the vapor pressure of
the liquid at t ).

Over the usual atmospheric temperature range, pg and p, are small
canpared to the total pressure, P; and for the alr-water system Equations

12 and 13 can be reduced ¢o the approximate equations

v
and I

e ||

L -
where
28.967 = molecular weight of dry air.
Substituting Equations 15 and 16 into Equation 7 gives
(Hw kK )ligzig_} [:18 0:6}0 ] (tg-'t ) o

or

9
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or
H o -H = £ (t-t) (18)
W 4 Aw g w
where
Kt = D (19)
28.967k

For the alr-water system, it has been found exverimentally that
K' = 0.26. Therefore, the common relationship for air-water vapor for

the usual atmospheric conditions 1is
- = L. - b
H, - H x (t -t ) (20)

It must always be kept in mind, hcwever, that: (1) Fauation 20
i1s only an approximate equation and that it becames more and more inac--
curate as the temperature is raised, and (2) that it onlv applies to the

air-water system.

10

FET T

o £




IV. WET-BULB TEMPERATURE vs. ADIABATIC SATURATION TEMPERATURE

As pointed out earlier, wet- and dry-bulb psychrometry 1is based
on bringing a large quantity of gas into contact with a limited quantity
of liquid. Under these conditions neither the temperature nor the humid-
ity of the gas 1s changed. A related phenamenon is based on bringing a
limited quantity of gas into contact with a large quantity of liquid.
Under these conditions, the gas (unless it is already saturated with
vapor) will increase in hunidity and decrease in temperature. If the
system is isolated so that it can neither lose nor gain heat, the tempera-

ture reached by the water is known s the "adiabatic-saturation

tempcrature”. And, if the system 1s large enough the gas will leave the
chamber saturatea with vapor at ‘he adiabatic-saturation temperature. A
comon example of this process is the humidification of alr by passing it
through sprays c¢f circulating water.

The wet-bulb temperature is something quite different from the

adlabatic-saturation temperature: the former is based on heat and mass

transfer while the latter depends only on a simple heat balance, as shown
below (and with the aild of Figure 2) for the alr-water system.
A heat balance over the system shown in Figure 2, based on ts as

the datum temperature,gives

G(o.zu)(tgl—ts) + GHl(O.UB)(tgl—ts) + GHp =

G(0.2ll)(tg2-ts) + GH2(0.48)(ﬁg2-tS) + GHA (21)

where:

G = 1b. dry air/hr.

tgl = initial temperature of the air, O,

11
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Fig. 2. Sketches to Illustrate Adiabatic Saturation.
(A) Spray chamber in which a quantity of air, G, with a temperature of
tg and a humidity of Hl is rassed through sprayvs of circulating water
whose tempercture reaches ts. The air leaves with a humidity of H2.

(B) and (C) show, respectively, the changes in humidity and temperature

as the air passes through the chamber.
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tF? = final temoerature of the air. °p.

ts = adlabatic saturation temperature (temmerature of the watsr). Op.

H1 = Initial humidity of the air. 1h. water/lb. drv air.
H2 = final humidity of the air. 1b. water/1b. dry atr.

xs = latent heat of vaporization of water at ts’ B.t.u./1b.
0.24 = specific heat of drv air. B.t.u./(1b. x Op).

0.48 = specific heat of water vapor, B.t.u./(1b. x °F).

If the air leaves the chamber saturated with water vaoor (the usual

condition) tp.2 becomes tes H2 becames H_ (the humidity at saturation). and

Equation 21 reduces to

G(O'2u)(tgl—ts) + GHl(O.LI8)(tgl—ts) + GHlxs = GHSAs (22)
or

(0.211)(tgl—'cs) + Hl(O.UB)(tgl—ts) = (Hs--Hl))\S (23)
or

B -y = (0204 ORB) (g0t (21)

‘s
Undzr the usual atmospheric conditions, the quantity (n.2h +
: 0.48!11) is very nearly equal to 0.26. For example, at 77°F. and 5N
saturation, Hl = 0.7079, and 0.24 + 0.118}11 = 0.24 + 0.0N79(N 48) = 0.2kl
and at 100°F and 80% saturation. H) = 0.0345, and 0.24 + 0.48H, = .24 +
0.0345(0.48) = 0.257.

Therefore, under these conditions Fquation 24 becomes practi-
cally equal to Equation 20, and the adiabatic saturation temmerature
becames substantially the same as the wet-bulb temperature.

This. however, 1s a mere coincidence, and a very unfortunate
coincidence, for it has led to a camon, but eroneous, belief that

adiabatic-saturation and wet-bulb equations and charts can be used

13
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interchangeably. Actually, they can be used interchangeablv for the air-
water system if the temperatures are not very high and the highest accur-
acy is not required.

However, for systems other than alr and water, this coincidence
does not occur, and widely different results are obtained from the two
equations even at low temperatures. For example, if adiabatic-saturation
temperatures are calculated for the helium-water system and then used as
wet-bulb temperatures the results are worthless. And even for the air-
water system it is not wise to use the equations interchangeably at

temperatures much above 125°F.

14
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V. APPARATUS

An apparatus for determining the value of the constant K in the
psychrometric equation consists of the following elements: (1) a system
for preparing and delivering a gas stream of the desired temperature,
pressure, and hunidity; (2) instruments for determining the amount of
water vapor in the gas stream, the gas flow rate, and the pressure; and
(3) a psychrometer consisting of wet- and dry-bulb measuring devices with
appropriate means for feeding water to the wet bulb.

The apparatus finally used is shown diagramatically in Figure 3.
Most of the system presented few problems, but the psychrometer, itself,

required a great deal of study before a reliable unit was developed.

Gas Preparation and Delivery System

The gas preparation and delivery system (Figure 4) includes a
pressure regulator, humidification colum, entrainment separator, electri-
cal heating tapes, and a series of needle valves to portion the flow.

The various parts of the system are cbnnected with 3/8" o.d., 0.032"
wall-thickness, standard, soft, copper, refrigeration tubing connected
with compression-type fittings. All components can withstand pressures
of at least U00 psi. The line pressure, and resulting flow rate, is kept
constant with a dlaphragm-type flow regulator.

As can be seen from Figure 4, gas from a cylinder is split into
two streams, one of which is passed through a humidification column after
which it is recombined with the other stream. By regulating the tempera-

ture of the humidification column and the ratio of the two gas flow rates,
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a final gas stream of any desired humldity can be readily obtained.

To eliminate the neea for a circulating pump, the batch-type
hunidificat.ion column shown in Figure 5 was designed, and it proved to
be very satisfactory. Tt consists of an 8-foot length of 2-inch nominal
diameter, schedule 40 steel pipe, packed with ore-half inch cubes of
cellulose sponge to a height of 7Tk feet. The packed section is divided
into nineteen Ws-inch sections of sponges separated by discs of 20-mesh
stainless steel screen. This construction keeps the sponges froam packing
together in the bottam of the colum after they are wetted. In orcration,
water is introduced into the top of the column, with no gas flowing, until
the sponges absorb all of the water they can. The wet packing holds 2.2
lb. of water, and has a void fraction of 0.429. This quantity of water
is sufficient to supply 6 standard cu.ft. per minute of saturated gas at
100°F. and 20 psig for 2.7 hr. starting with dry helium.

The colum 1s wrapped with a 1,200-watt heating tape, a~d other
heating tapes are wrapped around the delivery piping. Variable transform-
ers are used to control temperatures.

An entrairment separator, Figure 6, effectively prevents the carry
over of liquid water.

With this apparatus, the gas.leaving the system 1s discarded to the
atmosphere. Originally, the system was designed so that discharged gas
could be collected in a balloon and pumed back intn cylinders. Unfortun-
ately, the only compressor avallable had insufticient capacity and nroved

unsatisfactory.
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Yeasuring Sysiem

Measurements are made of the folluwing cuantities: wet- and drv-
bult terperatures, pressure, flow rate, and humidity. Temperatures are
measured by means of copper—constantan thermocourles and a Leeds and
Northrup Type K-3 potenticmeter. Pressures up to a little more than 1
atm. gauge are measured with a mercury manameter. For higher pressures,
a Heise bourdon tube rressure gauge, reading to 0.2 ps! gauge, 1s used.
Atmospheric pressure is measured with a Tavlor aneroild barameter. Gas
fiow 1s measured with a Brooks Full-View Rotameter.

For humidity measurements. two instruancnts are used: 2 Molsture
¥onitor from Consolidated Electrodynamics Corporation and an Flectric
Hygrometer from Hygrodynamics Incorporated. The former, which indicates
humidity in perts per million by volume at 25°C. and ane atmosphere. works
best below 3,000 parts per million. The electric hvgrometzr, which uses
a dew point sensor, indicates relative humidity at atmespheric pressure

and rocn temperature. It works best above 7% relative humiditv.

The Psychrometer

The design of a psychrometer for hellum presents certain preblems
that are not of great importance in a psychrometer for alr, just as a
psychrometer for pressure operation nresents vioblems not present in a
psychrometer for atmospheric pressure. Hellum is expensive. TIts density
is so low that it takes several times the quantity of helium by volume as
of air to obtain sufficient velocity for a true wet-bulb temperature
reading. Themal conductivities and heat-transfer coefficients of helium
are much greater than those of alr, and water evaporates into helium

much faster than into air. All of these factors make it desirable to

i
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construct a psychrameter for helium as small as practicable.

At first, a psychrameter was constructed using 3/8" ».4. copper
tubing and fittings and a wet-buldb thermocouple with the bead covered by
a cloth wick which extended into a well fllled with water. The resulls
obtained with this apparatus using, air, nitrogen, and helium were very
inconsistent and did not agree with results obtaired with apparatus of
larger intemal diameter.

After many experiments it was found that the original apparatus

had severai faults: (1) the dlameter of the wick was so large campared

" to the intermal cross section of the 3/8" tubing thot the free cross

sectional area was not great enough to give a proper flow pattem: (2)
the water evaporated so rapidly that the wick could nor. be kept properly
wetted; (3) the pressure tap was located at saie distance from the wet-
bulo thermocouple. and it was not certzin that ths measued pressure was
the true pressure at the wet-bulb thermocouple; and (4) hz2at conductivity
along the thermocouple resulted in a wet-bulb reading that was higher than
the true wet-bulb temperature.

The apparatus shown in Figure 7 eliminated all of the difficulties

and gave reprocducibie resuits which were consistent with tnose obtained

" In other apparatus.

This apparatus, which was made from 5/8" o.d., approx. 7/16" i.d.
water gauge glass (A and B) and fittings, has a nunber of significant
features: Both the wet- and dry-bulb thermocouples (C and D) are made
from 30-gauge, fiberglass-covered, copper-constantan wire and are mounted
in fine glass capillary tubes (E and F) made by softening and drawing out
thin-walled glass tubing. The capillary tubes are attached to the brass

fittings with epoxy cement. The wet-bulb thermocouple is covered from
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its tip to the bottam of the gaume glass with a thin sheet of cotton
fibers; and the total d*ameter of the unit is slightlv sreater than one-
tenth o" an inch. The wet-bulb thermocounle 1s vassed through the cotton
fiber-covered capillary tube, through the cooper tubing (G) connecting
the two sections of gauge glass. and out the too of the feed-water gaure
glass. The glass capillarv tube (F) through whicl. the drv-bulb thermo-
couple is passed, is camected directly to the pressure-measuring svstem.
Thus, the measured pressure is actually the pressure at the tip of the
dry-bulb thermocouple.

During operation, water is fed to the cystem continually from
reservoir (H) through control valve (I) into gauge glass (A) at a rate
sufilcient to maintain a level that gives the desired flow to the wet bulb.
The water flows through the copper tubing (C) and capillarv tube (F), out
of the top of the capillary tube, and down the outside of the cotton
fiber-ccvered capillary. The rate of flow is controlled so that the
fibers are kept covered with water throughout thelr entire length but
without excess water dripping off. However, it was found that there could
be a considerable variation in water flcow without affecting the wet-bulb
temperature reading.

The water flowing down the fiber-cowred surface is conlad bt~
evaporation as the gas passes over 1t. This, in turn, cocols the :-ater
rising through the capillary tube. As a result, th> water is cooled to
practically the wet-bulb temperature before it reaches the thermocounle
bead, which is covered at all times by a thin f1lm of water. ™urthe:.ore.
since tne thermocouple wire and glass capillarv are cocled to the wet-
bulb temperature over an aporeciable length. there 1: n» conductlon of

heat away from the thermocouple bead.
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VI. VELOCITY OF GAS OVER THE YT BULB

It has been observed (1, 3, U) that as the velocity of the gas
stream increases the temperature of the wet bulb decreases to a certain
minimm value which is independent of further increase in velocity. This
constant value is the true wet-bulb temperature. Therefore, In using a
wet- and dry-bulb psychrometer it is essential that the gas velocity be
high enough. For the air-water system at l-atm. pressure, the accepted
minimum reguired velocity is 690 ft. per min.

For any given gas-liquid system, the minimum recuired linear velo-
city decreases with pressure. Brooks and Allen (3) reported that this
minimum velocity varies inverselyv as the sguare root of the pressure, but
Brown (4), who worked over a much greater pressure range than Brooks and
Allen, foundé that the minimum required linear velocity varied inverseiy
with pressure and, therefore, the minimm required mass velocity remained
constant. For the alr-water system he found the value to be 2,800 1b./
{hr. x s3.7t.), and in his subsequent experimental work he used a mass
velocity of 3,020 1b./(hr. x sa.ct.) to have a margin of safety.

Earrison (28) and Xusuda (11), however, claimed that Reynolds num-
ber, DG/u, 1s the true parameter. Nevertheless, even if this 1s correct,
for a given system tne dalameter, D, 1s constant and the viscosity of the
gas, u, is essentlally Independent of pressure at coristant temperature.
Therefore, the mass velocity, G, like Reynolds number, will remain constant
as the pressure is varied. Furthermmore, viscosities of gases do not vary

much over the ordinary range of atmospheric temperature; and whether a

minimum mass velocity or a minimum Revnolds number is maintained is immateria:
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In the present investigation the minimum mass velocity for air and
for helium was found to be approximately 3,500 1b./(hr. x sq.ft.). This
corresponds to a Reynolds numbder of approximately 2,200; and this minimum
value was maintained in all subsequent work with helium.

It 1s interesting to note that the minimum Reynolds number for
accurate wet-bulb temperature readings corresponds to the transition from
viscous to turbulent flow. Therefore, it seems that to insure an accurate
wet-bulb temperature reading the gas flow must be turbulent.

In the case of hellum, a mass flow rate of 3,500 1b./(hr. x sq.ft.)

correspcnds to a linear welocity at 70°F. and 1 atm. of

(3-500)(350) 460 + 70) _ ¢ ¢3¢ ft. pmin.

(60)(4.003)(492)
or
(5,636)(60) _ ¢, miles/hr.
5,280

This extremely high velocity emphasizes one of the great diffi-

cultles in obtalning accurate wet-bulb temperatures with helium.
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VII. RESULTS

Table 1 is a summary of results obtained with helium using the
apparatus as finally developed. Actually, a few hundred other measure-

ments were made and many of the calculated values of K agreed very closely

with those la Table 1, but these results are not shown because of doubt as

to thelr accuracy.

The percentage figures in t‘he last colum are overall maximum
errors that would result from maximum errors or uncertainties in all
measurements, assuming that they all acted in the same direction.

The thmetic average of the 23 vaiues of K is 0.47C. Other

average values are as follows:

]

14 runs with wet gas, K = 0.476

9 runs with dry gas, K = 0.450

7 runs using Electric Hygrometer, K = 0.484
7 runs using Moisture Monitor, K = 0.467

With a value of K = 0.470, the psychrometric equation for the

p . g W

T (25)
1093.8 - 0.576tw
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Table 1
Sumary of Data and Results
of Determination of Psychrometric Constant

Pressure, " ig Temperature, Op, gemﬁig:;’ % Hyero-
mN'; atmos- | total |dry Fet at ux:ee(tlsr
) gagse’ prertc| P o bulb nygro- gz a K | Range
a e« | ty
1 [51.30 [30.16 | 81.47 |82.20 ~1.86 |87.0 [37.5 [11.90 [ EH p.u6h [+ 16%
2 |51.31 |30.16 | 81.47 [82.20( 71.86 [87.0 [36.8 |11.90 | MM p.u7y |« 12%
3 |51.31 |30.16 | 81.87 |82.40) 72.01 [87.0 [37.3 {31.85| EM |o.u6 [+ 17%
4 |51.31 [30.16 | 81.87 |82.40| 72.01 |87.0 [37.u |11.85| MM |o.ug2 |+ 1u%
5 |51.36 |30.16 | 81.87 |82.66| 72.03 |87.0 |36.2 [11.60| mi |0.u65 |+ 163
6 |51.36 [30.16 | 81.87 |82.66| 72.03 | 87.0 |37.1 |11.60| M1 o.u53 |+ 132
7 | 48.86 30.16 | 79.02 {82.82| 71.99 | 87.0 |35.6 [11.90) EH [o.u76 |* 15%
8 | 48.85 [30.16 | 79.02 |82.82| 71.99 {87.0 [36:3 |11.90] MM [o.u67 |+ 12%
9 | 89.58 |30.41 |119.99 {79.16] 71.24 | 82.5 |31.2 | 7.10] EH |0.506 |+ 16%
10 | 89.58 {30.41 }119.99 [7G.25¢ 71.24 | 82.5 |31.9{ 7.10| MM |[0.499 |+ 5%
1 {91.21 |30.41 {121.62 |79.38] 71.57 [83.0 |31.9| 7.10( EH Jo.507 |+ 17%
12 | 91.21 |30.41 |121.62 |79.38] 72.57 [83.0 |35.4 | 7.10] M4 [o.468 |+ 6%
13 | 91.21 |30.41 |121.62 {79.62] 71.76 | 83.0 |31.7| 7.10] EH [0.508 |+ 16%
1 | 91.21 |30.41 [121.62 {79.62] 71.76 | 83.0 [37.0| 7.10] ™M fo.u99 |+ 6%
15 | 52.53 |30.14 | 82.67 |82.84} 65.30 |* — o | o | — |o.458]=0.89
16 | 51.92 {30.14 | 82.06 |83.19| 65.37 | — o | o | — lo.us5|%0.8%
17 | 51.51 |30.14 | 81.¢5 [83.59| 65.57 | — 0| o | — lo.uss|=0.8%
18 | 89.58 | 30.41 {119.99 {80.00| 67.22 | — o | o | — lo.u63]%0.8%
19 | 91.21 |30.41 |121.62 [80.26] 67.42 | — o | o | — l|o.us7|0.82
20 | 91.62 |30.41 |122.0; [80.37] 67.61 | — o| o | — lo.u61]0.82
21 | 91.62 |30.41 [122.03 |80.37| 67.61| - o| o | -— jo.u61]0.8%
22 1210.32 |30.41 {240.73 [80.34] 72.65| — o| o | — |0.460]+0.8%
23 [162.07 |30.81 |192.48 |80.03| 72.12| -- o] o | - [Jo.u72:0.8%

* EH = Electric Hygrometer; MM = Moisture Monitor.
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VIII. ANALYSIS OF ERRORS

In order to calculate the probable accuracy of the final result,
it was first necessary to estimate the maximum error in each measurement.
In the case of instruments, this was hased on manufacturers' statements.

The maximum errors in measurements are:

Temperature:

1. t, (wet-bulb temperature), :0.02°F.
2. t, (dry-buib temperature), 0.02°F,
3. t, (temperature at which humidity is messured, £0.05°F,

Pressure:

1. Py (bourdon gauge pressure), #0.2 psi = :0.4" Hg
2. Pa (atmospheric pressure), :0.04" Hg

Humidity:

1. Using Electric HMygrometer, #1.5% FH (relative humidity)
2. Using Moisture Monitor:

a. Below 3,000 ppm., #150 ppm. (parts per million by
volume)

b. Above 3,000 ppm., $500 ppm.
The maximun ermor in Py (partial pressure of water vapor in gas

saturated at tw = vapor pressure of water at t;w) depends upon the maxi-

mum error in tw.

The maximum error in pg (partial pressure of water vapor in the

gas stream) depends upon the accuracy of the measurements of' ta' Pb, Pa’

and RH or ppm., for

Py RH

——t— = (26)
psat . 105°
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and

or

where

P, = nartial pressure of water vapor in gas measured at ta and P_.

p = yapor pressure of water at ta'

sat.

FH = percent relative humidity measured at t a and Pa.

= _pem. =|__pom.
Pg El‘,ooo,ooo (®) [11000,000_.,(%*%)

Equation 11 can be written as

(p,~p_)(1093.8 - 0.576t )
K= —- -
Pl

This equation was used to calculate the value of X assuming:

a

(27)

(29)

(1)

no errors in the measured quantities. (2) that all errors are iIn the

direction that will zive a maximum value of K. end (3) that all errors are

in the direction that will give a minimum value of K.

were

From

To 1llustrate these calculations. the data for Run No. 1 Table 1

used:

t, = 71.86 ¢ 0.02°F.

»

tg = 82.20 + 0.02°F.

0.05°%.

ct
i

»

87.0

av
]

30.16

»

0.04" Iig

by
]

25.20 ¢ 0.02 psi = 51,31 ¢ O.4" Hg

E

11.90 ¢ 1.5%
these measurements, and assuming no error

p, = 0.78726" Hg
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= Q n
Py, = 1.2931" Hg

o = (0.1190) (2-2BNGL3L* 30.16) | o yyseqm g
& (30.16)
and

K = (0.78726 - 0.41567) 1093.8 - 0.5?6(71.86) = 0,464
(51.31 + 306.16)(82.20 - 71.86)

If the errors are such as to give a maximum value of X, the errors

in tw and Pa are positive and the errors in tg, ta’ FH, and P, are negative,

b
Therefore:
t, = 71.88°F.
ty = 82.18°F.
t, = 86.95°F.
P, = 50.91" Hg
P, = 30.20" Hg
RH = 10.4%
p, = 0.78779" Hg
Pggt = 1.2911" Hg

(0.104)(1.2911) (50.91 + 30.20)

D= = 0.30063"He
& 30.20
Assuming errors for the latent heat term and substituting the

appropriate values in Equation 28 gives

k = (0.78779 - 0.36063) (1093.2 + 0.05) - (0.576 ~ 0.0005)(71,88)
(50.91 + 30.20)(82.18 - 71.88)

0.538

For o minimum value of K, the errors in t and P, are negative,
and the errors in tg, ta, FH, and Pb are positive.
Under these conditions:

= o
tw = 71.84"F.
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v = 82.22%.

g

t = 87.05%F.
P, = 51.71" Hg
P = 30.12" Hg
FH = 13.4%

D, = 0.78673"Hg
Pgat.” 1.2952" Bg

_ (0.134)(1.2952)(51.71 + 30.12)
g 20.12

= 0.47152" Hg

< o (0.78673 - 9.47152) [(1093.8 - 0.95) - (0.576 + 0.0005(71.84)]
(51.71 + 30.12)(82.22 - 71.84)

= 0.331

The maximum value of K based on meximum errors is (0.538 - 0.464) x
(100)/(0.464) = 16% higher than the value based on no assumed errors; and
the minirum value is (0.464 - 0.391)(100)/(0.464) = 16% lower.,

It is evident that the greatest error is in the humidity measure-
ment, but to get a better picture of the relative importarnice of the numerous
errors or uwncertainties, values of X were calculated assuming only one errcor

at a time.

(1) with ¢ = 71.86 + 0.02 = 71.R8%

x = (278779 - 0.41567)[1093.8 - 9.57¢(71.89)

= 0,466
(51.31 + 39.15}(82.20 - 71.8R)
(2) with tg = 82.20 + 0.02 = 82.22%
g = (0.78726 - 0.41567)[1003.8 - 0.576(71.86)] _ 4.

(51.31 + 30.16)(82.22 - 71.96)
with t_ = 87.0 + 0.05 = 87.05%:

—~~
(VS
N
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+ ——z

(0.1199)(1.2952)(51.31 + 30.16) _ 4 yy43yn He
g (30.16)

{0.78726 - 0.41634) [1093.8 - 0.576(71.86}] _ 0,463
(51.31 + 30.16)(82.20 ~ 72.86)

K=

(4) with Pb =51.31 + 0.4 =51.7T1" Hg

p_ = (0.1190) (1.2931)(51.71 + 30.16) _ 0.11771" He
g (30.16)

g = (0.78726 - 0.41771) [1093.8 - 0.576(71.86] _ 4 yeq
(51.71 + 30.16)(82.20 - 71.86)

(5) with P_ = 30.16 + 0.04 = 30.20" Hg

b = (0.1200){2:2930)(51.31 + 30.20) _ 4 jooon g
g (3n.20}

x < (0.78726 = 0,41532) [1093.8 - 0.576(71.86)] _ ( ygy
(51.31 + 30.20){82.20 ~ 71.86)

(6) with RH = 11.90 + 1.5 = 13.40%

o = (0.1340) JL:2BL(LA +30.36) _ o yegngn g
g (30.16)

g = (0.78726 - 0.46806)[1093.8 - 0.576(T1.86] _ 50
(51.31 + 30.16)(82.20 - 71.86)

From these calculations it can be seen that the effect of the
uncertainty in each of the variables for Run No. 1 is: b 0.4%; tg, 0.2%
o 0.2%; Py> 1.1%; Pa’ 0; RH, 14.0%.

As was pointed out earlier, the last colum of Table 1 shows the
maximum eror or uncertainty in the various runs based upon maximum
assumed errors. Since the largest error is in the hunidity measurement,
the runs with dry gas, ooviously, show very little calculated error.
Nevertneless, the actual error might be somewhat greater than indicated
because of a possihility that the gas picked up some -Jdsorbed water from

the walls of the equipment. The humldity-measuring devices were not
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sufficlently accurate to mezsure this. and an estimate woculd he meanine-
less. Therefore no attempt was made to account for it in the error
analysis.

Although Table 1 shows the maxirum errors that might result under
the mast unfavorable conditions. Table 2 shows that the actual variations
frum the average are much smaller, as would be expecte” since the error
in any measurement is not likely to be the maximm and the probablilty is
that some errors would cancel others.

The average deviation frcm the value of X = N 170 is " 013, as
shown 1n Table 2. The standard deviation is somewhat higher as 2 result
of the effect of the few points with high deviations.

The standard deviatian. s(X), is:

2
s(0) VEﬁ‘i (30)

where N = number of points.

Substituting the avpropriate values

, -6
s(K) -.-f@%‘%:‘_i_}‘l._ = 0.0177

Therefore, the psychrometric constant for helium is K = 047" + 0 018,




Table 2
Deviations of Psychrametric Constants from Average

!

i Deviation
Run No g K (#-K) x 193 | (x-K)2 x 10% | from a;erage,
1 0. 1464 -6 3% 1.3
2 0.474 + 16 0.9
3 0.6k -6 36 1.3
u 0.462 -3 €L 1.7
5 0.465 -5 25 1.1
s 0.453 -17 289 3.7
7 0.476 +6 36 1.3
8 0.467 -3 9 0.6
9 6.506 +36 | 1296 7.8
10 0.499 P 429 : 81 6.2
11 0.507 +37 1369 8.0
12 0.468 -2 4 0.4
13 0.50€ +38 1444 8.2
14 C. k9 =21 ] 4.5
15 0.1458 I} ) 144 2.6
16 0.455 -15 225 3.2
17 0.456 -14 196 3.0
18 Q.463 -7 19 1.5
19 0.457 -13 169 2.8
20 0.461 -9 81 1.9
21 6. 461 -9 81 1.9
22 0.460 -10 170 2.2
23 0.472 +2 I J__ 0.4
Average (X-K) = (x-K)? =
K = 0.470 309 x 1077 6955 x 10”°
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TX. PRYCHOYTTRIC CHpTTR

“here there 1s considerable need for pevrchrometric data, chavs
have the advantage over equations for ther are easler to use =and save a
great deal of time. Since the reason for measuring wet- and drv--bulb
temperatures is to determine the anount of water vanor in a gas, the
camon type of chart shows relative humidities and absclute humiditles
(eZther 1b. water vapor/lb. drv Zas. or mcles water vapor/mole drv gas)
as functions of wet- and drv-bulb temperatures. PFor such a chart, however,
the oressure must be held constant. Therefore. a serarate chart must be
prepared f-.- each desired onressure. The charts are not difficuit tc pre-
pare. but their preparation can be very time consuming.

The partlal pressure of the water vapor in the gas can be calcu-

lated fram Equaticn 25

0.470P(t_~t )
- = ‘g W
Py = Pg 1093.80 - 0.576¢_

; and the humidity can be calculated fram the partial pressure using Fqua-

tion 12, which, for the helium-water system, becomes

D | D
_° 18.0161 _ o
Hy '[ﬁ—%g' EWB’J = 4.50m =8 (31)

To simplify the preparation of charts a computer program was

developed for the I.B.M. 360 and 1620 systems. This orogram is shown in
the Appendix. Figures 8-12 are psvchrometric charts for the helium-water
system for pressures of 1 atm. (0 ft. sea water), 4 atm. (approx. o0 ft.
sea water‘), 7 atm. (approx. 180 ft. sea water), 10 atm. (approx. 270 ft.
sea water), and 21 atm. (approx. A00 ft. sea water). These charts were

prepared by computer.
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atm.

DG/ u

&

Nw/ 8

n

1)

1]

NOMFNCLATURE

area, sq.ft.

atmosphere

diameter

Revnolds number

Electric Hygrometer

degrees Fahrenhelt,

lb. dry air/hr.

heat-transfer coefficient, B.t.u./(hr. x sa.ft. x %r.)
initial humidity of the air, 1b. water vapor/lb, drv alr
final humidity of the alr, 1lb. water vapor/lb. dry air
hunidity of the gas stream, 1lb. vapor/lb. vapor-free gas
hunidity of saturated alr at adiabatic saturation temmerature

hunidity of gas saturated at the wet-bulb temperature, lb. vapor/
1b, vapor-free gas

hour

mass-transfer coefficient, 1lb.-moles/(hr. x sc.ft. x unit mole
fraction difference)

psychrometric constant

average value of the psychremetric constant K
psychrametric constant in simplified eguation
minute

Molsture Monitor

number of pcints

rate of water evaporation, lb.-moles/hr.

total pressure

by




ppm.

Q/8

s(K)

L}

[]

partial pressure of water vavor in ras measured at ta and Da
atmospheric oressure

bourdon sauge pres. °

partial oressure of water vavcor in the gas stream

partial pressure of vapor in saturated vapnr-rmas mixture at
the drv—bulb temperature. {This 1s equal to the vaper pressure
of the linuid at tg.)

vapor ~ressure of water at ta

partial wressure of water vanor in «as saturated at the wet-
bulb temperature. (This is equal to the vanor pressure of water
at the wet-bulh temmerature.)

parts per milli~ bv volume

heat transferred, B.t.u./hr.

relative hunidity, %

standard deviation of X

square feet

temperature at vhich humiditv is measured, °F.

0.

drv-bulb temperature (temperature of the eas). F.

initial temperature of the air. °p.

final temperature of the air, Or,

O

adiabatlc saturation temperature. “F.

g,

wet-bulb temperature.
mole fraction of water vapor in the gas stream

mole fraction of water vapor in saturated pas at the vet-bulb
temperature

latent heat of vaporization of water at the adlabatic satura-
tion temperature. B.t.u./1b.

latent heat of vaporization of water at the wet-hulb termmerature
B.t.u./1b.

viscosity
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//7CONI XX J0B T234 4+ 'ROBERT C RAMSEY
//STEP1  EXEC PLOTECLG
//FORT+SYSIN OD +

OO0 OOOO

3

70

PROGRAM TO PLOT PSYCHROMETRIC CHARTS FOR VARIOUS LIQUID-GAS SYSTENMS
ORY BULB TEMP RANGE RESTRICTED 7O 30 TO 120 DEG. F
YMIN = MINIMUM HUMIDITY PLOTTED (USUALLY 0.000)

YMAX MAXIMUM HUMIDITY VALUE TO BE PLOTIED
(YMAX-YMIN)*#1000 MUST BE DIVISIBLFE By 40
YL = REQUIRED PHYSICAL LENGTH OF Y AXIS INCHES

YD = Y INCREMENT (HERE = TO YMAX)
P = TOTAL PRESSURE INCHES HG

CON = APPROPRIATE PSYCHROMETRIC CONSTANT
DIMENSION PRES(120)

COMMON PRES«+PS

READ (141) (PRES(L)L=1,120)

FCRMAT (10F8.5)

READ(]1 ¢4 35 YMINIYMAX V0L +YD P :CON

FORMAT (8F10.0)

1IC = 201

1CC=90

UNIT=(YMAX-YMIN)/40.

IF(P-C\s0) 243742

CALL PLOT(IC4304412Ce 14941904+ YMINLJYMAXYL,YD )
LABEL ¥ SCALE

Y=YMIN-1. .2UNIT

CALL. ©LOT(1CC+29.0,Y)

WRITE(4,3)

CALL CHARK(O:1.0)

FORMAT (¢ 30 40 50 60 70
1 90 100 110 120¢,100X)
X=30e

Y=YMIN-0c22UNIT

DO 70 L=1410

CALL PLOT (ICL X YMIN)
CALL PLOT (ICC4XsY)
CALL PLOT (99)
X=X+10.

CONT INUE

LABEL. My SCAlLc
HII=YRIN

IHU=YMIM

OL=YMAX /40,
IDL=DL*1000.01

DC 4 JU=1,21

CALL PLOT(ICC 1216 +HUY
wRITE(4,5) THU

CALL CHAR(Oe140)
FORMAT(13,100%)

CALL. PLO(99)
THU=THU+ 24 TOL
HU=HJ+2 . *UNIT

LABEL HU AXIS
Y=(MIN+ 14 ¥UNTT

CALL PLOT(ICC,128 ,Y)

47
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WRITE (4:06)

CALL CHAR(Oe141)
FORMATC *HUMIDITY 100X}
Y=YMIN+204¥UNIT

CALL PLOT(ICCs127¢5.Y)
Y=YMIN+304%¥UNIT

CALL PLOT(ICC4127e5.Y)
CALL PLOT(9%)
Y=YMIN+Z2Z « *UNIT

CALL PLOT(ICCs127e,4Y)
WRITE (44+7)

CALL CHAR(QO.141)
FORMAT{'LBs WATER',100X)
Y=YMIN+20S*UNIT

CALL PLOT(ICC4129e,4Y)
WRITE(4 +8)

CALL CHAR(OW141)
FORMAT (1L Be DRY HELIUM®,100X)
Y YMING 306 S*UNIT

CALL DPLOT(1I1CC123e4Y)
WRITE( 4.60)

CALL CTHAKR(Oes101)
FORMAT(*X 10'.100X)
Y=YMAIN+3265UNTT

CALL PLOT(ICC+127¢5,Y)
WRITE(L 4S1)

CALL CHAR(Os1.1)
FORHMAT (¢3¢ ,100X)

LABEL T AX1S
Y=YMIiN~2#UNIT

CALL FPLOT(ICC:63es7)
WYRITE (4.9)

CALL CHIR(D«140)
FORMAT ('DRY BulB TEMPERATURE - ZF1,4,100X)
CALL PLOT(99)

FPLOT RH LINES

DO 12 L=1.10
CENT=L/10.

DO 10 K=320,120
HU=Q,S006#CENTAPRIES(K) /(P-CENTH#PRES (K))
IF(HJU~-YMAX) 42,482,411
TK=K

CALL PLCT(ICC,TK HU)
CONTINUE

CALL PLOT(92)

CONTINUE

LABEL Rit LINZS

MRH=10

Y=YMIN+G SXUNIT

DO 71 M=1,9
AT=P/2%.021

X&4=98+ +AT

CALLL PLOY(ICC.XA ,VY)
WRITE?4,72) MAaH

48

PO

i

Ve o g,




72

73

74
71

75

40
41

13

43
44

65
17
18

16
a6
19
25

15
a7

48
22
22

21

CALL CHAR(O.1.0)
FORMAT (13,4001 ,100X)
MRH=MRH410

IF(M-5) T4 4,73.74
Y=Y+3.S*UNIT

GO TO 71

YeY+4 20 RUNTT

CONT INUE
Y=YMIN+39,%UNIT
X=XA-5,

CALL PLOT(ICC.X oY)
WRITE(4,75)

CALL CHAR(Q.1.0)
FORMAT (100 ReHo v 4 100X)
CALL FLOT(99;

PLOT VERTICAL GRID
DO 13 M=30,120

TM=M
HU=4.5006*PRES(M)/(P-PRES(M))
IF (HU~YMAX) 41440440
HU=YMAX

CALL FLOT (ICC,TM4 0,000
CALL PLOT(ICC'TM.HU)

CALL PLOT(99)

COMTINUE

CALL PLOT(I1CC306 s YMIt
CALL pLOT(!CCQBOa\YMAX)
CALL PLOT(99)

PLQT HONiZONTAL GRID
HU=0.000

DO 14 N=1,40
pS=HU*p/(HU+405006}
IF(PS-PRES(E0)) 2415415
IF(PS—-PRES(30)) 444,16416
DO 17 M3=1429
IF(PS~PRES(M3)) 17.45,45
lFfpS~pQES(M3+1)) 18417417
CONTINUE

CaLt. FICN3:TW)

GO0 TO 30

DO 19 M2:=30,59
IF({PS~-PRES(M2)} 19,136,446
lF(pS“anS(M2+I)) 20419410
CONT INUC

CALL FiG(N2,Tw)

GO Y0 30

IF(PS-PRES190)) 47,2142
DO 22 M4=60.89

IF ({PS-PRES:Ma)) 22,48,48
iF(PS-PRES (Ma+1)) 23422422
CONTINUE

caLL FIGIMg ,Tw)

GO TO 30

DU 24 M1-90,119
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49
24
25
30

50
55

14

33

28

52
53

[V IR
o o

77

78

IFA(PS-PRES(ML))  24.49,49

IF(PS-T"RES(MI+1)) 25424424
CONY INLVE

CALL FIG (MI+TW)

GO TO 20

IF(TW--3040) 50+¢55,55
Tw=30«0

CALL PLOT (1CC412044HU)
CALL PLOT (I1CC Ty llU)
CALL PLOT(99)

HU = HU4UNIT

CONT i NUE

CALL. PLOT (ICl4120Cc YMAX)
CALL PLOT (ICC430s ¢YMAYX)
CALL PLOT(99)

PLOT w3 LINES

WRITE (3.38)

FORMAT (20X+*PLOTTING WET BULB LINES 1 *
KOUNT = =2

00 256 NTw=30,120.2
KOUNT=KOUNT+2

Tw=NTW

HU=4 4 5005%PRES(NTW) /(P-FPRESINTW) )
1F (HU=-?AAY ) 53453452
HU=YMAX

HJUU=HU

CALL PLOT {(I1CCsTWHU)

DO 29 JUJ=1.41
IF(HU-0400) 316262
PSO=HUXP/ (HU+4 5006
TOB=TW+(1293¢8-04576%TW) ¥ (PRESINTY)-PSD) /(CON
IF(T06-1204) 54.31,3!
CALL PLOY (I1CC,.TDB,HY)
MU=HJ-UNIT

CONT IMUE

CALL PLOT(99)

TI=NTW

IF(11~97%) 764764226

IF (KOUNT~-10) 26427426
CONTINUE

WRITE WET U8B TEmPp ZF
Y=YMIN+1S5,3%UNIT

CALL PLOT(ICC.E0aT4Y)
WRITE (44+77)

CALL CHAR(O+1.:0)

FORMAT (*\ZIT*4100xX)
Y=YMIN+1T743¥UNIT

CALL PLOT(XCC.64.70Y)
WRITE(4,78)

CALL. CHAR . QO 1.0

FCRMA™ (¢30U1.31,:0GX)
Y="MAINT 1 CeaSHUNIT

CALL PLOT(ICC«70e4,Y)
WRITE(A4,479)
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79

80

81

82

83

€4

85

86

CALL CHAR(O«140)
FORMAT( *TEMP 4 4 100X)
Y=YMIN4 20 %UNIT

CALL PLOT(ICT47447.4Y)

WRITE (4.80)

CALL CHAR(D«1.0)

FORMAT( tZF * , 1 00X)

CALL PLOT (99)

WRITE NAME PLATE

Y= YMIN424 ,S*UNIT

CALL PLOT(ICC43145.Y)

CALL PLOT(ICC480e54Y
Y=YMIN+36.%UNIT

CALL PLOT(ICC+8045.Y)

CAL!L PLOT(ICC43145.4Y)

Y= YAIN424 ¢S¥UNIT

CALL PLOT(ICC43145,Y)

CALL PLOT(99)

Y=YMINA2ASYUNTT

CALL PLOT(ICC+38+54Y)

WRITE(4,81)

CALL CHAR(Oel.0)

FORMAT( ¢SLOPED LINES = WET BULB TEMP. LINES*,100X)
Y=YMIN+27¢5%UNIT

CALL PLOT(ICC48145,Y)

WRITE{4.£2)

CALL CHAR(Oel.0)

FORMAT(v¢ LINES = ¢ RELATIVE HUMIGITY't(100X)
1AT=P/29:9205

IFY=(IAT~1)%30

Y=YMING20S¥UNIT

CALL PLOT(ICCy81a4Y)

WRITE(4,63) IFT

Call CHAR{Del40)

FORMAT( FAPPROXKIMATELY 94134 FTe SEAWATER',!100X)
Y=YMIN4 20 S¥UNIT

CALL FLOT(ICC+3944VY)

WRITE (4.84) I1AT

CALL CHAR(O.1+0)

FORM/ T('ABSOLUTE FRESSURE =~ 9,13, ATMOSPICRES*+100X)
Y=YV IN+30,S*¥UNIT

CALL PLOT(1CC14445,Y)

WRITE (4.65)

CALL CHAR(Oe1,+0)

FORMAT ( *HEL [UM - WATER SYSTEMa,100X)
VaYMING 32, 5%UNTT

CALL PLOTV{ICC+3544Y)

WRITE(4.86)

CALL CHAP(0.2.0)
FORMAT ( tPSYCHROMETIIC CHART * 4 100X
Y= MIN-Ce G¥UNIT

CALL FLOT(ICC(23.6,Y}

CAlL PLOT{ICCs 33e4.Y)

YY = YMIN+G2.6%UNIT

51




27

34

37

CALL PLOT(ICC4133:8,YY)
CALL PLOT(ICC:23:6,.YY)
CALL PLOT(ICC42346,Y)
CALL PLOT(99)

GO TO 34

LABEL WEY BULB LINES
X=Tv-2

Y=HUU+] + ¥UNIT

CALL PLOTIICCiXaY)
WRITE(4,433) 11

CALL CHAR (Cel 40}
FORMAT(13,100X)

CALL PLOT(99)
XX=TW-0e5
YY=r{UU+0e48UNI1

CALL PLOT(ICC.:Tw,HUU)
CALL PLOT(ICC«XX.YY;:
CALL PLOT(99)

KOUNT=0

GO T0 26

CALL PLOT(7)
GO TO 36

CALL PLOT(100)
SToP

END

SUBROUTINE FIG(MMTW)

DIMENSION PRES(120}

COMMON PRES(PS

TwW=MM
DEL=(PS-PRES (MM) ) /{PRES(MM+] )~FRES(MM) )
Tu=Tu+0EL

RETURN

END
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//7CONIXX JC3 T234,4'ROBERT C RAMSEY
Z/75TEPL  EXEC FORTGCDK
//7FORT+SYSIN DO *

OO OOOOOHOOHOHNOOO

PROGRAM TO REDUCE RAW DATA

JDAY DAY OF MONTH

CODE 1 = AIR CODE = 2 = MHELIUM

ATM = ATMOSPHERIC PRESSURE IN INCHES OF MERCURY

GAGE = GAGE PRESSURE IN POUNDS PER SQUARE !NCH

wB = WET BULB VEMPERATURE IN MILLIVOLTS, COPPER~CONSTINTAN

DB = DRy BULB TEMPERATURE IN MILLIVOLTS:s COPPER-CONSTINTAN

TRH = TEMPERATURE AT WHICH RILATIVE HUMIDITY WAS TAKEN IN DEGes F
RH = RELATIVE HUMIDITY DIVIDED By 100

PPM = PARTS PER MILLICN WATUER VAPOR BY VOLUME By DEVW PTe. HYSGRMETR
DELH = DIFFERENCE IN HEAD ON WATER FEED IN INCHES OF WATER

DROPS = FEED RATE OF WATER IN DROPS PER MINUTE

VEL = FLOW RATE [N CUBIC FEET PER MINUTE

DIMENSION TEM(1203 4PRES(120)

COMMON TEM,PRES /D

"

INTEGER TRIP.CODE
M=0

999 0D=2+5

ODIA=4430
WRITE(3,9}

9 FORMAT (1HI1)

80
82

81
11

15
17

99

READ(1.50; JDAT.CODE«PPCORRHCOR

FORMAT(l2¢I142F8.,0;

IF(CODE EQe 1) GO TO 80

YRITE i3:55) JDAT

FORMAT (2X . 'PURPOSE=CHECK OUT NEW APPARATUS WITH HEL IUM REEXLT
1 t 420X YDATE S/ 1242 /68 14/

GO TO 8!

VRITE (3.82) JDAT

FORMAY (2X+ tPURPQSE=CHECK OUT NEUW APPARATUS WITH AIR LXK EX
1 $ 420X 'CATE S5/%¢1241,68 tes//)

WRITE (3+11)

FORMAT(2X « *PRESS HG 144X« 'REL HUM AT P 4a4XetAT TEM OF ¢44X.¢MASS

1 VEL 024X DEL H H20 ' +4X e 'DROPS MIN 144X 02 DEG F 0,4Xe WS DEG <
2 144X 'CONST K so/277)
CAD (1¢17) (TEM(J)«J=14120)
FORMAT (10FB.4)
READ (1418) (PRES(LYL=':120)
FORMAT (10F8.5)
READ (1¢192) ATMJGAGE BB TRH.AHZPPM,DELH«DROPS,VEL
FORMAT (.0F8.0)
ERH=RI!I
PPM = (PPM~PPCOR)* 000001
RH=RH-RHCCRQ
GAGE = GAGEX¥29.921/148.656
PmATMAGAGE
IF (DB EC000) GO T¢ 10
TRIP = 3§
1 (WBCT« TEM(503) GO 7O 1




’
. me——

IF (UB.GE.TEM(25)} 50 10 3
DO o h3 = .24
T _.}F "BOGE.TEx.Ha,.AND"BCL;0:3“(“3+x)) GO 710 2!
4 CONVINVE B i
21 CALL FIG (] w81 ,.3$30)
3005 M2:=25.49
IF (WB.GEASN(R2) AND cWEB LT TCM(MN2+42)) GO TO 22
S CONTINUE
&2 CALL F1I1G (M2.ubl.530) .
3 IF (WB.GE.TEH(7S)) GO 70 2
ro 6 ¥1=50.74
IF (WBSELTEM(KG ) e AND B LTTEM(ME+] } GO TO 23 .
CONT InJE *
23 CALL FIG (Ma,“9],£30)
2 D0 7 V.-25.119
IF (WB.GETT (M1)eANTWBLT o TEM(NI+1)) GO TO 22
T CONTIA_E
28 CALL FIG (M} . .¢B1.%30)
30 IF (TRICEQ.2; GO T 97
3 WET = UB1
P = WET i
E PEL = (¥ET-1")H(PRES{IP+1)Y-PRES?IiP))
PS = PRES(IP)Y+P=L
1T = TRH
TEL=¢("RH-ITP ¥{PRE(ITR+1I-PRES(ITR))
PSS=PRES(ITRI+TEL
DO 88 KKK=1.2
AF(KKK Qe 1) PIS- THIPSSEP/ATM
IF/VYXK.EQ.2) PIS = PPuEp
44 iF (TRIP._2-'3) GO 70 938
IF{TRIPEQ.c. GO TO G7
98 IRIP = 2
¥2 = DB
G0 70 99
97 TDG=wB1
108 = TP8
BEL=(TOB-1DB)*(PRES(ICB+1)-PRES({DS)) ,
PSD=PRES( 1DB)+BEL '
; 89 OMW = TODB-WET
CON = {PS-PIS)*#(1093.8-0.S76*WET )/ (P%(DMw))
DO=DIAX£2-(0D/25,4 ) ¥32
- YUSV = VEL¥3110.,/0D
IF (LODELEQ.2) GO TO @3
MSV = VEL*801./0D
8. RH=(PIS/FSD)*100,
IF(KKKEQe1l) WRITE(3+111) P1S.PSOMW
TF(KKKLEN, 2) WRITE (3,222) PIS.PS.DMW

Liiagato il ol g

CHL AL A i

111 FORMAT (2X+*RH METER USED FPIS=14F10,5,¢ P SATD =9,F10.5,1¢
1 DB - WB =¢,F10.2.4/)
222 FORMAT (OX+'DEW POINT HYGROMETER USCD PIS=1,F105,? P SATD =

10 eF10e5,40 DB - wd =1,F10.24/)

JF(KKK.£Qe 1) |
JCONU=((PS+0400119)-(ERH-04,015)%¥(FSS-0,00172)1%(P-0,4)/(ATM4+5.04) )% ¢ .
2031093¢8+0.05)-(0.576~0+,0005 )% (WET~0+02))/((P~0.4)%((TD3~-0,02)~(WET v
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;F(KKK.EOQ‘J h ° ) o
lCdNH=((FS~OoOOI19)-(ERH+00015)*(95540-00172F*(P*Ood)/(‘Tﬂ~0004))‘(
2(1093o6-0o05)-(0.576*000005)*(hET*OoOZ))/((P+0.42*((TDB+O-O?)—(EET
3-0.02)1)

IF(KKK.£0,2) =M+]

FF (KKK EQe2.ANDM.LE4)
lCONU=((P$+O-OOl19)-(PPP-.000500)*(P~0-4) )¢
2(309308+0.05)—(0-576*0.0005}*('ET—O-OZ))/((9-004)*(¢TDB*0002)°('ET
340.02)))

‘F‘KKK.EOQZOAND.MiLE.Q,
lCONH:((PS—0.00I!9)—(P°H+OoOOOSOG)i(P+O.4) yE¢
2(l093-8—0.05)-(0.576+0.0005)*(HET#O.OZ))/((p+0o4)*((T08+0002)-(HET
3-0402)3)

IF(KKK EQe 2. AND Mo GE.S}

lCONU=(ip5+0000119)-(Ppp—g00°lSOD*KP‘OQQ) 1R 4 ¢
2(1995¢8+0405)~(0.576-C+CO0S ) E(WET-0+021 ) /( {P-043 ) ( {TOS—0+ 02) ~ (WET
340.02)))

!F(KKK.EQ.Z.ANO.M.GE.ﬁ)

ICONH?((pS—OoOOIl9)’(ppM40.G\:'50}*{p*°-4) Y Ea¢
?(l09308-0005)—(0.576*0.0005)*(YET+0.02))/((p¥004)*((TDB+0002)-(HET
3—0:02’))

PERU=(CONU/CON - : )#100.
PERM=1{1.,-CONM/COM)Elue »

YRITE{3+500)CCNULPERU « CONM,, PER?M

FORMA™T (2Xs 'Ke MAX FLUS ERRGD =3,F10.4,° PERCENY ERRON =0 4F10e24.85X
T+9Ke MAX MINUS SRIOR =¢,F1043+¢¢ PERCENT SRROR =0 F10.24/)
SS--CONxZ2

WRITE (3.501) SS

¥ ORMAT (S5X+*CON SOUARED =4 ,F10.8,/)

YRITE (3112) PeRHeTDE «MSVLCELH.OPOPS, TDB WET s CON

CONT INUE

 ORMAT (ZX.F10.2.4X-FlO.x-ax.FlO.Z.QX.I!O.Q(AX-FIO.Z).4X.F10.4o//)
GO T0 8

CAL:. EXIT

END

SUBROUTINE FIG(MM,wB1 &}

DIMENSION TEM(120) ,PRES(120)

COMMON TEM,PRES,wB

WA =MM

DEL=(WB-TEM(MM) ) /{TEM(MANM+1 ) ~TEM(MM) )

WB1=wB14DEL

RETURN 1

END
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